The folding of newly synthesized proteins in the endoplasmic reticulum (ER) is assisted by ER-resident chaperone proteins. BiP (immunoglobulin heavy-chain-binding protein), a member of the HSP70 family, plays a central role in protein quality control. The chaperone function of BiP is regulated by its intrinsic ATPase activity, which is stimulated by ER-resident proteins of the HSP40/DnaJ family, including ERdj3. Here, we report that two closely related proteins, SDF2 and SDF2L1, regulate the BiP chaperone cycle. Both are ER-resident, but SDF2 is constitutively expressed, whereas SDF2L1 expression is induced by ER stress. Both luminal proteins formed a stable complex with ERdj3 and potently inhibited the aggregation of different types of misfolded ER cargo. These proteins associated with non-native proteins, thus promoting the BiP-substrate interaction cycle. A dominant-negative ERdj3 mutant that inhibits the interaction between ERdj3 and BiP prevented the dissociation of misfolded cargo from the ERdj3-SDF2L1 complex. Our findings indicate that SDF2 and SDF2L1 associate with ERdj3 and act as components in the BiP chaperone cycle to prevent the aggregation of misfolded proteins, partly explaining the broad folding capabilities of the ER under various physiological conditions.
Introduction
Most membrane and secretory proteins are synthesized by membrane-bound ribosomes in the endoplasmic reticulum (ER) and translocated into the ER lumen, where folding and assembly of the nascent polypeptides are assisted by ER-resident chaperone proteins (Buchberger et al. 2010; Kim et al. 2013) . BiP/GRP78, a member of the HSP70 family of chaperone proteins, binds to nascent or unfolded polypeptides to facilitate folding and refolding. It also inhibits the aggregation of non-native conformers, thereby supporting the degradation of terminally misfolded proteins (Kampinga & Craig 2010; Otero et al. 2010) . The substrate-binding ability of BiP is regulated by a cycle of ATP binding, hydrolysis and nucleotide exchange catalyzed by NEFs (nucleotide exchange factors) (Behnke et al. 2015) , a cycle which conformationally changes the substrate-binding domain of BiP, enabling protein folding (Bukau et al. 2006; Marcinowski et al. 2011) . The diverse functions of BiP, including the recognition of its various substrates, are supported by co-chaperone HSP40/ DnaJ proteins, which stimulate the ATPase activity of BiP (Kampinga & Craig 2010; Otero et al. 2010) .
Seven DnaJ proteins are present in the mammalian ER (ERdj1-7); one of these, ERdj3, is a soluble ER luminal protein containing the conserved J-domain, which is required for interaction with BiP (Bies et al. 1999; Yu et al. 2000) , whose expression is induced by ER stress (Shen & Hendershot 2005) .
SDF2 (stromal cell-derived factor 2) was originally identified as a putative secretory protein produced by stromal cells (Hamada et al. 1996) . Human SDF2 is a small protein of 211 amino acids, including three MIR (protein O-mannosyltransferase [PMT] , inositol 1,4,5-trisphosphate receptor [IP3R] and ryanodine receptor [RyR] ) domains (Ponting 2000) . To date, the function of SDF2 remains unknown. SDF2 in humans and mice has a HAEL tetrapeptide at its Cterminus, a variant of the ER localization signal (Alanen et al. 2011 ) similar to the KDEL motif (Munro & Pelham 1987) . SDF2L1 (SDF2-like protein 1), a homologue of SDF2 that shares 67% amino acid identity, contains a C-terminal HDEL sequence that acts as an ER localization signal. SDF2L1 is a component of the ER-resident chaperone complex containing BiP and ERdj3 (Meunier et al. 2002) , and SDF2L1 RNA expression is increased during ER stress (Fukuda et al. 2001) . Because it contains MIR domains, SDF2L1 is predicted to play a role in the O-glycosylation of proteins (Bies et al. 2004) . However, the specific function of SDF2L1 and its involvement in the response to ER stress (Walter & Ron 2011) remain poorly understood.
Recently, the Arabidopsis thaliana homologue of SDF2 (AtSDF2) was identified as a component of the quality control machinery required for the maturation of glycosylated transmembrane receptors (Nekrasov et al. 2009 ). AtSDF2 forms a complex with BiP and ERdj3, and a defect in AtSDF2 causes ER retention and degradation of the glycosylated receptor (Nekrasov et al. 2009 ). AtSDF2 expression is also up-regulated during ER stress (Martinez & Chrispeels 2003; Kamauchi et al. 2005; Schott et al. 2010) , and knockout of AtSDF2 causes embryonic growth defects (Schott et al. 2010) . AtSDF2, the sole SDF2 homologue in A. thaliana, shares approximately 40% amino acid identity with human SDF2 and SDF2L1; however, it lacks the C-terminal amino acids composing the ER retrieval signal (Nekrasov et al. 2009 ).
Previously, we identified murine SDF2L1 as a protein induced by ER stress (Nagasawa et al. 2007) , and in this study, we investigated how human SDF2 and SDF2L1 contribute to ER quality control in response to ER stress. We first confirmed that SDF2 is an ER-resident protein, not a secreted protein as originally reported (Hamada et al. 1996) , and found that SDF2, in addition to SDF2L1, binds ERdj3. The expression of both proteins was inversely correlated with the aggregation of misfolded cargo proteins. The cargo-stabilizing activity of SDF2L1 was dependent on the association of ERdj3 with BiP, as showed by the fact that larger amounts of misfolded NHK-QQQ were bound to ERdj3 and SDF2L1 when the interaction between ERdj3 and BiP was inhibited. Based on our findings, we propose a model in which SDF2 and SDF2L1 associate with ERdj3, serving as important components of the BiP machinery for inhibiting protein aggregation. SDF2 is expressed constitutively, whereas SDF2L1 is upregulated in order to rescue the system when BiP becomes occupied with non-native cargo during ER stress.
Results

Both human SDF2 and SDF2L1 are ER-resident proteins
Human SDF2 and SDF2L1 contain three MIR domains and share 67% amino acid identity (Fig. 1A) . SDF2L1 is an ER-resident protein with an ER retrieval signal (HDEL) at its C-terminus, whereas murine SDF2 was initially believed to be a secretory protein because the HAEL tetrapeptide at its C-terminus does not match the typical ER localization signal (Hamada et al. 1996) . To analyze the intracellular location of human SDF2 and SDF2L1, an HA-tag was introduced upstream of the C-terminal tetrapeptides of SDF2 and SDF2L1. Pulse-chase analysis showed that both SDF2 and SDF2L1 were not secreted into the culture medium during a chase period of 2 h (Fig. 1B, lanes 7-10) . Immunostaining of SDF2-HA and SDF2L1-HA showed that they colocalized with the ER marker PDI but did not colocalize with the cis-Golgi marker GM130 (Fig. 1C) . Therefore, we conclude that both SDF2 and SDF2L1 are retained in the ER. To analyze the involvement of SDF2 and SDF2L1 in protein quality control in the ER, we first asked whether SDF2 and SDF2L1 affect the secretion of WT a 1 -AT (wild type a 1 -antitrypsin). WT a 1 -AT synthesized in the ER is transported to the Golgi apparatus, where its N-glycans are further modified before secretion (Cox 1995) . In A. thaliana, AtSDF2 is required for the maturation of glycosylated membrane receptors (Nekrasov et al. 2009) . Although the expression of either SDF2 or SDF2L1 modestly accelerated the disappearance of WT a 1 -AT from the ER, neither a 1 -AT intracellular transport nor secretion was affected, except for a slight but significant decrease in secretion in SDF2L1-transfected cells (Fig. S1 in Supporting Information).
We suggested that the observed decrease in the level of the ER form of WT a 1 -AT during the chase period was caused by premature degradation. Therefore, we analyzed the effect of expressing SDF2 and SDF2L1 on ERAD (ER-associated degradation) (Smith et al. 2011; Brodsky 2012 Preventing the aggregation of non-native proteins is an important function of chaperone proteins. In control HEK293 cells, less NHK was detected in the 1% NP-40 (Nonidet P-40)-insoluble fraction than in the soluble fraction ( Fig. 2A, a Genes to Cells (2017) 22, 684-698 ( Fig. 2A , a 1 -AT blot, compare lines 7 and 10, quantified on the right; Insol [Ppt]/Sol ratio:~1.0), whereas all of the WT a 1 -AT was in the detergentsoluble fraction (Fig. 2B , compare lines 1 and 4). AT-Z (Z variant of a 1 -AT) is a mutant that causes a 1 -AT deficiency (Cox 1995) because it aggregates and forms inclusion bodies in the ER (Lomas et al. 1992) . When expressed in HEK293 cells,~50% of the recovered AT-Z was in the 1% NP-40-insoluble fraction (Fig. 2B , compare lines 7 and 10, quantified on the right, Insol [Ppt]/Sol ratio:~1.2). Expression of either SDF2 or SDF2L1 increased the amount of NHK-QQQ and AT-Z in the 1% NP-40-soluble fractions ( Fig. 2A , a 1 -AT blot, lanes 11 and 12 vs 10 for NHK-QQQ, and Fig. 2B , lanes 11 and 12 vs 10 for AT-Z), whereas the effects of SDF2 and SDF2L1 on NHK were weaker ( Fig. 2A , lanes 5 and 6 vs 4). These results suggest that SDF2 and SDF2L1 prevent misfolded proteins from aggregating.
We next knocked down endogenous SDF2 and SDF2L1 by siRNA transfection and analyzed the ratio of misfolded cargo proteins in the 1% NP-40-soluble and NP-40-insoluble fractions. Both endogenous SDF2 and SDF2L1 proteins were knocked down to~30% of their level in control cells ( To obtain further insights into the function of SDF2 and SDF2L1, we analyzed their effects on AT-Z aggregation immunocytochemically. Approximately 80% of COS-7 cells that expressed ATZ-HA had various degrees of aggregation in the ER (Fig. 4A , quantified in C). Co-expression of SDF2L1-FLAG and SDF2-FLAG decreased the number of cells that contained ATZ-HA aggregates and reciprocally increased the number that expressed ATZ-HA in a typical ER network pattern (Fig. 4B , first and second panels, quantified in C). By contrast, the ER-resident proteins P5 and ERp46 did not affect the number of cells that contained ATZ-HA aggregation (Fig. 4B , third and forth panels, quantified in C). These results further support that SDF2 and SDF2L1 are suppressors of protein aggregation.
Both SDF2 and SDF2L1 associate with ERdj3
To analyze the molecular mechanisms by which SDF2 and SDF2L1 function in the ER, we next searched for proteins that interacted with FLAG-tagged SDF2 or SDF2L1 by proteomic analysis using NanoLC-MS. The results showed that ERdj3 (DNAJB11) is a binding partner of both proteins. To confirm this, cells expressing SDF2-HA or SDF2L1-HA were metabolically labeled for 3 h, and a~40-kDa protein was detected in the immunoprecipitate of both SDF2-HA and SDF2L1-HA (Fig. 5A ). We suggested that this band represented ERdj3 and confirmed it by immunoblot. The band disappeared in cells treated with siRNA targeting ERdj3 (Fig. 5B ,C, ERdj3 blot, compare lanes 5 and 6), validating the interaction of SDF2L1 with ERdj3, as reported previously (Meunier et al. 2002; Bies et al. 2004) and confirming the newly discovered interaction for SDF2.
Next, we fractionated cell lysates using sucrose density gradient centrifugation (10-40%). The majority of the endogenous ERdj3, SDF2 and SDF2L1 were detected in the same fractions (Fig. 5D , fractions 7-11). A portion of BiP sedimented in the same fractions in which ERdj3, SDF2 and SDF2L1 were detected; however, some BiP was recovered in the lighter fractions (Fig. 5D ). The ERAD complex in the ER membrane, containing the HRD1-SEL1L ubiquitin ligase complex, was detected in the heavy fractions close to the bottom (Fig. 5D , fractions 15-17) (Hosokawa et al. 2008) . SDF2 and ERdj3 were not found in these fractions. Taken together, these results indicate that both SDF2 and SDF2L1 associate with ERdj3 and suggest that an ERdj3 complex containing SDF2 and/or SDFL1 exists.
SDF2 and SDF2L1 are stabilized by ERdj3
Analysis of the knockdown efficiency of SDF2, SDF2L1 and ERdj3 using three siRNAs for each showed that all three siRNAs targeting ERdj3 efficiently knocked down the endogenous protein (Fig. 6A, ERdj3 blot, compare lanes 13-15 with 11 and 12,~30% of the level in cells treated with negative control siRNA). Unexpectedly, knocking down ERdj3 decreased the amount of endogenous SDF2 (Fig. 6A, SDF2 blot, compare lanes 13-15 with 11 and 12,~35% of the level in cells treated with negative control siRNA). One of the siRNAs for SDF2 (Fig. 6A, SDF2 blot, lane 4) decreased endogenous SDF2 to~30% of the level of control cells, and all three siRNAs for SDF2L1 knocked down the endogenous protein with similar efficiency (Fig. 6A , SDF2L1 blot, compare lanes 8-10 with 6 and 7).
However, knockdown of either SDF2 or SDF2L1 hardly affected the amount of ERdj3 (Fig. 6A , ERdj3 blot, lanes 1-10). These results suggest that SDF2 is stabilized by the expression of ERdj3.
To analyze the stability of SDF2 and SDF2L1 in the presence or absence of ERdj3, we carried out a pulsechase analysis. Both the SDF2-HA and SDF2L1-HA transiently expressed in HEK293 cells were relatively unstable, with a half-life of~1 h for SDF2L1-HA (Fig. 6B ,C, quantified below the gel). Expression of ERdj3-myc increased the stability of both SDF2-HA Relative intensity Ppt/Sol ratio * * Figure 2 Transient expression of SDF2 and SDF2L1 inhibits aggregation of misfolded ER cargo. Western blot analysis of NHK and NHK-QQQ (A) or WT a 1 -AT and AT-Z (B) in HEK293 cells cotransfected with SDF2-HA or SDF2L1-HA. Cells were lysed in buffer containing 1% NP-40, and both 1% NP-40-soluble (Sol) and NP-40-insoluble fractions (Ppt) were separated on a gel. Small arrows in (B) indicate the ER (black arrow) and Golgi (gray arrow) form of WT a 1 -AT. Quantification of three independent experiments is shown as a box plot. *P < 0.05, **P < 0.01 (two-tailed Student's t-test, compared with mock-transfected cells).
Genes to Cells (2017) 22, 684-698 and SDF2L1-HA. Both endogenous ERdj3 and transfected ERdj3-myc co-immunoprecipitated with SDF2-HA and SDF2L1-HA (Fig. 6B,C, arrows) . Therefore, we conclude that both SDF2 and SDF2L1 are short-lived proteins that are stabilized by their association with ERdj3.
NHK-QQQ associates with ERdj3 and SDF2L1 when the ERdj3-BiP interaction is inhibited
ERdj3 is a co-chaperone of BiP and directly binds to non-native proteins (Jin et al. 2009 ). Because SDF2 and SDF2L1 associated with ERdj3 and prevented the Cell numbers are 241 (control, four independent experiments), 117 (co-expressing SDF2L1-FLAG, four independent experiments), 190 (co-expressing SDF2-FLAG, three independent experiments), 78 (co-expressing P5-FLAG, three independent experiments) and 76 (co-expressing ERp46-FLAG, two independent experiments). 
Discussion
In this study, we analyzed the intracellular localization and function of two homologous proteins, SDF2 and SDF2L1. They are both ER-resident proteins, with the expression of SDF2L1 strongly up-regulated by ER stress (Fukuda et al. 2001) , whereas SDF2 is constitutively expressed. We originally cloned SDF2 and SDF2L1 using total RNA from HEK293 cells treated with or without tunicamycin, an inducer of ER stress. Similar amounts of SDF2 mRNA were amplified by RT-PCR in tunicamycin-treated and control cells, whereas the expression of SDF2L1 was significantly increased during drug treatment. Western blotting showed an increase in the level of SDF2L1 protein, but not of SDF2, in cells treated with tunicamycin (T. Fujimori and N. Hosokawa, unpublished observation) . Thus, mammalian SDF2 and SDF2L1 are homologous proteins that are constitutively expressed or induced by ER stress, respectively, similar to the constitutively expressed cytosolic chaperones and their heat-shock-inducible homologues (Morimoto & Santoro 1998; Bukau et al. 2006; Daugaard et al. 2007 ).
The potent anti-aggregation activity of SDF2 was most clearly showed by the knockdown experiments (Fig. 3) . One of the substrates used here, NHK, is a permanently misfolded protein, but yet retains its solubility in healthy cells. Studies on quality control have been largely advanced by examining the molecular mechanisms leading to its disposal, which mostly requires its solubility. Therefore, the large increase in its insolubility in SDF2-knockdown cells was unexpected. A similar effect was observed in the aggregation-prone a1-AT mutants. Consistently, over-expression of both SDF2 and SDF2L1 reduced the amount of aggregated cargo (Fig. 2) . The exact mechanism is unclear, but it is likely related to the function of ERdj3 in the BiP chaperone cycle. Considering that SDF2L1 had high affinity for disordered proteins, as discussed below, SDF2 and SDF2L1 may play a role in ERdj3 substrate recognition. However, we found that SDF2 and SDF2L1 did not largely alter the rate of secretion or ERAD, which appears contradictory to the previous observations on the rate of maturation (Nekrasov et al. 2009 ) and ERAD (Tiwari et al. 2013) . Further scrutiny is required to clarify this issue. All the evidence indicates a role for SDF2 and SDF2L1 in enhancing cargo production (Fig. 8) . It should be noted that some transiently expressed SDF2L1 was recovered in the NP-40-insoluble fractions (Fig. 2) , similar to the AtSDF2 expressed in plant cells (Schott et al. 2010) , but coexpression of ERdj3 rescued the solubility of SDF2L1 (N. Hosokawa, et al., unpublished observation) .
We identified ERdj3, an ER-resident HSP40/DnaJ family member, as a binding partner of both SDF2 and SDF2L1. SDF2L1 is present in a multiprotein complex with the molecular chaperones BiP, GRP94, PDI, ERdj3 and others (Meunier et al. 2002) ; in Arabidopsis, AtSDF2 associates with the plant homologues of ERdj3 and BiP (Nekrasov et al. 2009) . A specific interaction between SDF2L1 and ERdj3 has also been detected in dog pancreas microsomes (Bies et al. 2004) . In this study, we showed that SDF2 also binds to ERdj3 and that the level of SDF2 is regulated by ERdj3 (Fig. 6) . However, knockdown of ERdj3 did not affect the expression level of endogenous SDF2L1. Knockdown of endogenous SDF2L1 had a milder effect on substrate solubility than knockdown of SDF2, and transient expression of both SDF2 and SDF2L1 inhibited the aggregation of misfolded substrates. This may be because the expression level of SDF2L1 is relatively low compared with SDF2 under normal growth conditions. Because ERdj3 is also up-regulated by ER stress (Shen & Hendershot 2005) , SDF2L1 may complement the function of SDF2 under ER stress conditions. Immature proteins are transferred to BiP via ERdj3 (Shen & Hendershot 2005) , and we detected a larger amount of misfolded NHK-QQQ bound to SDF2L1 in cells expressing the ERdj3 H53Q mutant. Expression of this mutant mimics ER stress conditions, in which the capacity of BiP to associate with misfolded proteins is limited. Collectively, our data suggest that both SDF2 and SDF2L1 form a stable complex with ERdj3 and assist in protein quality control in the ER by inhibiting the aggregation of nonnative conformers (Fig. 8) .
We also investigated whether SDF2 and SDF2L1 act as chaperone proteins using purified recombinant proteins in vitro. Recombinant SDF2L1 strongly bound to an intrinsically disordered a-casein, a model substrate of a misfolded protein, with a calculated K D of 1.9 nM. However, we did not detect significant anti-aggregation activity by SDF2L1 toward denatured proteins in vitro, indicating that both proteins require additional machinery to complete the productive cycle. In the protein-folding mechanisms of bacterial chaperonins, the strong binding of unfolded substrates to the chaperone GroEL is reduced when GroEL binds to another chaperone, GroES (Sharma et al. 2008; Hayer-Hartl et al. 2016) . We postulate that another protein may be required to regulate the association/dissociation of SDF2L1 and SDF2 with their substrates. Further analysis will be required to understand the exact mechanisms.
Experimental procedures
cDNA cloning and construction of plasmids A cDNA library was created using Superscript III Reverse Transcriptase (Invitrogen) from total RNA purified from HEK293 The amount of NHK-QQQ co-immunoprecipitated with ERdj3-myc (A), BiP (B) or SDF2L1-HA (C) was quantified from three independent experiments in each group and is shown by a box plot. *P < 0.05, **P < 0.01 (two-tailed Student's t-test, compared with WT ERdj3-transfected cells).
Genes to Cells (2017) 22, 684-698 cells using the RNeasy Mini kit (Qiagen). cDNAs encoding human SDF2, SDF2L1 and ERdj3 were cloned using PCR with gene-specific primers. An HA-tag or FLAG-tag was introduced upstream of the ER retrieval signal of SDF2 and SDF2L1, and a c-myc tag was added to the C-terminus of ERdj3 using PCR with KOD-Plus DNA polymerase (Toyobo, Japan). DNA fragments were subcloned into pcDNA3.1 (Invitrogen), and the resultant plasmids were confirmed by sequencing. The ERdj3 H53Q mutant was constructed using in vitro site-directed mutagenesis using Pfu Turbo DNA polymerase (Stratagene).
The NHK and NHK-QQQ constructs have been described previously (Hosokawa et al. 2001; Hirao et al. 2006) . AT-Z was a generous gift from Dr K. Kokame (National Cerebral and Cardiovascular Center, Japan). ATZ-HA was constructed by subcloning an AT-Z lacking the termination codon into the pMH vector (Roche). P5-FLAG and ERp46-FLAG were kindly provided by Dr K. Araki (Molecular Profiling Research Center for Drug Discovery, National Institute of Advanced Industrial Science and Technology, Japan) (Araki et al. 2013) . 
Antibodies
The antibodies used were mouse monoclonal anti-SDF2 antibody (Sigma-Aldrich), rabbit polyclonal anti-SDF2L1 antibody (Sigma-Aldrich), rabbit polyclonal anti-ERdj3 antibody (SigmaAldrich), rabbit polyclonal anti-calreticulin antibody (Affinity BioReagents), rabbit polyclonal anti-calnexin antibody (Enzo Life Sciences), rabbit polyclonal anti-HA (Santa Cruz Biotechnology and Recenttec Inc.), mouse monoclonal anti-HA (HA-7, Sigma-Aldrich), mouse anti-c-myc (9E10, Santa Cruz ER stress Nascent polypeptides Figure 8 Proposed model of SDF2 and SDF2L1 function. In the ER, the BiP chaperone cycle assists in protein folding. ERdj3, a co-chaperone of BiP, associates with non-native polypeptides to transfer them to BiP and stimulate its ATPase activity. SDF2 and SDF2L1 associate with ERdj3, and these protein complexes inhibit protein aggregation by associating with non-native conformers under ER stress conditions. Biotechnology), rabbit anti-a 1 -AT (DAKO), rabbit anti-c-myc (Santa Cruz Biotechnology), mouse monoclonal anti-BiP (BD Transduction Laboratories), horseradish peroxidase-conjugated anti-rabbit IgG (BTI) and horseradish peroxidase-conjugated anti-mouse IgG (Zymed Laboratories). Rabbit anti-SEL1L antibody was generated as described previously (Hosokawa et al. 2008) .
Cell culture and transfection
HEK293 and COS-7 cells were cultured in DMEM supplemented with 10% fetal bovine serum and antibiotics, as described previously (Fujimori et al. 2013) . Plasmids purified using the Maxi-Prep Plasmid Purification Kit (Qiagen) were transfected into cells using Lipofectamine 2000 (Invitrogen).
Metabolic labeling and immunoprecipitation
Metabolic labeling of HEK293 cells, pulse-chase experiments and immunoprecipitation were carried out as described previously (Fujimori et al. 2013 ) . The immunoprecipitates were eluted in Laemmli buffer and separated by 10% SDS-PAGE. Gels were dried and exposed to imaging plates (Fujifilm and GE Healthcare Biosciences). Radioactive incorporation was visualized using a Typhoon Phosphorimager or Typhoon-FLA7000 (GE Healthcare Biosciences), and the signal intensity of each protein was quantified using the ImageQuant software (GE Healthcare Biosciences).
Sucrose density gradient centrifugation
Cells cultured on a 10-cm dish were lysed in a buffer containing 3% digitonin, and proteins were separated by a linear 10-40% sucrose density gradient as previously described (Iida et al. 2011) .
Western blotting and IP blotting
Cells were lysed in a buffer containing 1% NP-40 and centrifuged at 13 000 g for 20 min at 4°C. The supernatant was mixed with an equal volume of 29 Laemmli buffer containing 0.2 M DTT and labeled as the 1% NP-40-soluble fraction. The pellet was solubilized by mild sonication in Laemmli buffer containing 0.1 M DTT (Astrathon) and labeled as the 1% NP-40-insoluble fraction. Cell extracts were separated by 10% SDS-PAGE, and then blotted onto a nitrocellulose (Whatman) or PVDF membrane (Millipore). After the membranes were blocked with Blocking-One Solution (Nacalai Tesque), they were incubated with antibodies diluted in Can Get Signal Solution (Toyobo, Japan). For IP blotting, bands were visualized using Clean-Blot IP Detection Reagent (Thermo Fisher Scientific). Specific signals were detected using Pierce Western Blotting Substrate (Thermo Fisher Scientific) and visualized using a LAS-4000 (GE Healthcare Biosciences). Signal intensity was quantified using the ImageQuant software (GE Healthcare Biosciences).
For IP blotting experiments, specific antibodies were added to cell extracts (1% NP-40-soluble fraction) prepared as described above, and immune complexes were precipitated with Protein A or Protein G Sepharose. The immunoprecipitates eluted in Laemmli buffer were separated by 10% SDS-PAGE and blotted onto membranes. Thiol-cleavable cross-linker DSP (Thermo Fisher Scientific) was added at a concentration of 1 mM before cell lysis when indicated.
Immunocytochemistry COS-7 cells were plated on coverslips, transfected, and fixed and permeabilized~24 h later. The primary antibodies were mouse monoclonal anti-HA (HA-7), rabbit polyclonal anti-PDI (Enzo Life Sciences) and rabbit polyclonal anti-GM130 (a generous gift from Dr. Y. Misumi, Fukuoka University, Japan). Signals were visualized using the secondary antibodies Alexa Fluor 488-conjugated anti-rabbit IgG and Alexa Fluor 594-conjugated anti-mouse IgG (Clontech), as described previously (Hosokawa & Wada 2016) . To detect ATZ-HA aggregation, cells were fixed~60 h after transfection. The primary antibodies were rabbit polyclonal anti-a1-AT (DAKO) and mouse monoclonal anti-FLAG (Sigma-Aldrich). The secondary antibodies used were Alexa Fluor 594-conjugated anti-rabbit IgG and Alexa Fluor 488-conjugated anti-mouse IgG. Nuclei were counterstained with DAPI. Images were captured under a TCS SP8 (Leica Microsystems) equipped with a HC PL APO 639 (NA 1.4) objective lens. After taking the images, the number of cells that expressed ATZ-HA was counted and classified on whether ATZ-HA was aggregated (aggregation) or distributed in a network pattern (soluble). The cell numbers reported are from two to four independent experiments.
Proteomic analysis using NanoLC-MS HEK293T cells were transfected with human SDF2-FLAG or SDF2L1-FLAG, and FLAG-tagged proteins were immunoprecipitated with anti-FLAG M2-agarose (Sigma-Aldrich). Co-immunoprecipitated proteins were analyzed with a direct nanoflow liquid chromatography system coupled to a time-offlight mass spectrometer (Q-STAR XL; AB Sciex). The mass spectrometry and tandem mass spectrometry spectra were obtained in the information-dependent acquisition mode and queried against the NCBI nonredundant database with an inhouse Mascot server (Natsume et al. 2002) .
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